INTRODUCTION
Learning routes in unfamiliar environmentsnew buildings, cities, and so on-is a common everyday task that can be critical for gaining proficiency in many mobile occupations. Increasingly, route learning and other spatial navigation tasks must be performed in simulated, remote, and virtual environments (VEs). One example is the tasks facing operators of unmanned aerial vehicles (UAVs), who are required to navigate in a remotely located environment (Dixon & Wickens, 2006) . Navigation poses significant spatial challenges, as UAV operators must maintain directional orientation using remote camera perspectives (Cooke et al., 2006) while frequently performing other essential, cognitively demanding tasks (Dixon, Wickens, & Chang, 2005) . VEs are also used to provide route-learning practice for firefighters, rescue workers, and military personnel prior to their entry into real environments. Methods of facilitating the route-learning process in these high-risk situations are of great importance (Farrell et al., 2003; Ruddle, Payne, & Jones, 1999) .
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Such individual variability-whether attributed to heritable or environmental influences or their combination-is an important human factors issue. The workload associated with the navigational task, the impact on performance of varying display designs, and the degree of interference imposed by concurrent task performance can be expected to vary as a function of individual differences in both ability and strategy (Baldwin, 2006) .
In real-world environments, good navigators tend to use different and more flexible strategies than poor navigators (Kato & Takeuchi, 2003; Lawton, 1994; Saucier et al., 2002) . Good navigators, often male, tend to make greater use of cardinal directions, Euclidean distances, and mental maps. These strategies have been termed survey strategies. Conversely, poor navigators tend to use strategies relying on verbal sequential lists of ego-centered or left-right directions referenced to landmarks along a route. Individuals, often female, who rely on these so-called landmark strategies, generally find it difficult or impossible to use more survey-oriented navigational strategies (MacFadden, Elias, & Saucier, 2003) . However, good navigators tend to be able to use other, less preferred strategies when the situation demands (Saucier, Bowman, & Elias, 2003) . For example, good navigators are able to use verbal sequential navigational directions, such as those provided by many commercial online direction services (i.e., MapQuest), even when maps and cardinal headings are not provided.
At the same time that gender differences are often observed in reporting the relative use of these two different strategies, differences in opportunities to gain navigational experience are also reported (Lawton & Kallai, 2002) . Use of cardinal directions increases with age (Dabbs, Chang, Strong, & Milun, 1998) , and people in general, including females, who grow up in geographical locations where roads and streets are laid out in grid-like patterns, report greater use of cardinal directions (Lawton, 2001) . Therefore, the relative use of these two different strategies appears to be based on experiential factors other than gender alone.
Despite the extensive body of literature documenting the existence of individual differences in the strategies used to navigate and learn routes in real-world settings (Hegarty et al., 2006; Kato & Takeuchi, 2003; Lawton, 1994 Lawton, , 1996 Lawton, , 2001 , to date, there has been strikingly little research on the extent to which the strategies observed in real-world settings are the same or different from those used in VEs (Chen & Stanney, 1999) . Hegarty et al. (2006) observed that measures of environmental learning taken after direct experience-walking through an environment-compared with experience with a VE were associated with different factor analytic constructs. Furthermore, they observed that psychometric measures (associated with small spatial scales) were more predictive of participants' ability to learn large-scale environments indirectly via a videotape rather than by direct experience.
There are different brain mechanisms associated with different spatial scales (Di Nocera, Couyoumdjian, & Ferlazzo, 2006; Ferlazzo, Fagioli, Di Nocera, & Sdoia, 2008; Gramann, Müller, Schönebeck, & Debus, 2006; Kosslyn & Thompson, 2003; Previc, 1998; Zaehle et al., 2007) . For example, egocentric versus allocentric spatial reference frames (Zaehle et al., 2007) and categorical (i.e., left and right) versus coordinate (i.e., Euclidean distances) spatial processing (Baciu et al., 1999) activate different brain mechanisms. These observations call into question the extent to which individuals are likely to use the same strategies and processes when learning routes in VEs as they do in contextually rich, real-world environments. Garden, Cornoldi, and Logie (2002) observed individual differences in WM processes associated with the strategies people used to learn routes in real environments. People who used survey strategies relied more heavily on the visuospatial sketchpad than the phonological loop of Baddeley's WM model (Baddeley, 1992; Baddeley & Hitch, 1974) . Conversely, greater demands were placed on the phonological loop relative to the visuospatial sketchpad when people used a landmark strategy. Specifically, participants learned novel routes by walking through them while engaged in one of two WM interference tasks. One interference task, a pattern tapping task, was designed to disrupt visuospatial processing, whereas the other, an articulatory suppression task, was designed to disrupt use of the phonological loop for verbal processing. Individuals reporting high "maplike" representational usage on a self-report questionnaire made more navigation errors when retraversing routes learned while engaged in the tapping task relative to the routes they learned while engaged in articulatory suppression. Conversely, individuals who reported low map-like representational usage made more errors in routes learned while engaged in articulatory suppression relative to the tapping task.
A limitation of the Garden et al. (2002) investigation is that they did not examine performance on the interference tasks (i.e., accuracy and timing of articulatory rehearsal and spatial tapping). This precludes ruling out the possibility that people may have differentially shifted their attention allocation strategies between the route-learning and interference tasks. For example, rather than simply relying on a visuospatial navigation strategy, individuals with a strong map orientation could have emphasized performance of all spatial tasks. If they allocated little attention to the verbal interference task, then performance on it would be poor, but navigational disruption would be unlikely. This possibility can not be ruled out without examining interference task performance.
This and other previous work leaves unanswered the question of what route-learning strategies and associated WM processes people use when navigating in VEs. The present study addressed this fundamental issue. We expected to see a pattern of individual differences in VE navigation indicating that people with good sense of direction (SOD) rely more heavily on visuospatial WM resources whereas people with poor SOD rely more heavily on verbal WM. A second aim of the current investigation was to determine whether differences in task prioritization strategies could explain the individual differences observed in the Garden et al. (2002) study that used real environments rather than VEs. Recording and analyzing performance on both the route-learning and interference tasks allowed this examination.
We chose to use an SOD questionnaire developed by Takeuchi (1992) and later refined by Kato and Takeuchi (2003) as a method of classifying individuals as either having good or poor SOD. Self-reported SOD, defined by Kozlowski and Bryant (1977, p. 590) as "people's estimation of their own spatial orientation ability," can be used to predict environmental spatial abilities, such as pointing accuracy and rate of acquiring accurate mental representations of unfamiliar areas (Hegarty, Richardson, Montello, Lovelace, & Subbiah, 2002; Kozlowski & Bryant, 1977) . The SOD questionnaire (Kato & Takeuchi, 2003) contains 14 items designed to determine the degree to which people believe they can benefit from or remember things such as cardinal directions, maps, and landmarks. Kato and Takeuchi (2003) observed that their SOD questionnaire also predicted individual differences in strategy use. They divided participants into good-and poor-SOD groups based on their being either one standard deviation above or below, respectively, the mean of a larger sample. They observed that the good-SOD group learned novel routes quicker after walking through them and used different strategies (e.g., relying on cardinal directions) relative to the poor-SOD group.
Previous research by our group (Furukawa, Baldwin, & Carpenter, 2004) indicated that the SOD questionnaire effectively distinguished between navigators who benefit more from verbal versus visual map -style navigational aids when learning routes during simulated driving. Individuals classified as having a poor versus a good SOD demonstrated more accurate recall for routes they had driven while using an egocentered verbal guidance relative to a visual map-style aid. Conversely, good-SOD individuals benefited most from an allocentric visual map format and were disrupted when the verbal directions accompanied the visual map. Thus, the SOD questionnaire was deemed well suited for the current experimental aim.
We predicted that individuals with good SOD would tend to use visuospatial route-learning strategies resulting in poorer route memory (operationally defined as more navigational errors and longer traversal times) for routes learned in conjunction with visuospatial interference (spatial tapping) than with articulatory suppression.
Conversely, poor-SOD participants were expected to use strategies relying more heavily on verbal WM and so were expected to have poorer memory for routes learned in conjunction with articulatory suppression relative to the spatial tapping interference. Finally, we predicted that performance changes on the interference tasks themselves would provide support for the hypothesized individual differences in routelearning strategy use and associated WM resources rather than for the alternative explanation of differential task allocation strategies.
METHODS Participants
Participants were recruited from a larger sample of 234 respondents who had previously completed the SOD questionnaire if they met prespecified criteria for being classified as having poor or good SOD (Reagan, 2005) . Individuals scoring at least one standard deviation above or below the mean composite score of the larger sample were classified as having good or poor SOD, respectively. We attempted to acquire equal numbers of males and females in both SOD groups. Of 234 survey respondents, 42 scored above the criterion (19 female), and 41 scored below (31 female). Forty-two individuals completed the experiment, 20 with good SOD (11 females, 9 males, ages 18 to 44 years) and 22 with poor SOD (15 females, 7 males, ages 19 to 30 years). Procedures approved by a university institutional review board were followed, and all participants received research participation credit. All participants reported normal or corrected-to-normal visual acuity and depth perception.
Materials
Route-learning environment. A commercially available computer game, the Sum of All Fears  2002, was used for the VE. Routes had 11 turn points, defined as places in the route where an individual had to change directions. Route A contained 16 choice points. Route B had 15 choice points. Choice points were defined as places where one could turn left or right or remain walking in the same direction. In other words, choice points included both correct turn points and distracter turns (where turning would result in an error). It took an average of 150.97 s to traverse Route A and 154.91 s to complete Route B. Participants used a mouse and their right hand to maneuver their character from an ego-centric perspective through the VE. Length of time to traverse the route (time) and navigational errors (errors) made during the first attempt trials served as performance measures.
WM interference tasks. Modeled after Garden et al. (2002) , the verbal interference task required articulatory suppression in which individuals spoke an ordered series of syllables: "bay, bee, by, bo, boo, tay, tea, tie, toe, too." Participants repeated the syllables in sequence at a rate of one syllable per second. Responses were taperecorded. The proportion of correctly uttered sequences was analyzed. The spatial interference task required sequential spatial tapping by pressing an ordered sequence of six keys on a Targus ® 18-key USB keypad at a rate of one key per second. The proportion of correctly executed sequences was analyzed.
Mental rotation task (MRT). Participants completed Cooper and Shepard's (1973) MRT. The letter R, F, or L was presented either correctly or as a mirror image at varying degrees of rotation. Participants indicated as quickly as possible via key press whether the letter was forward or backward. A short practice trial of 20 stimuli was followed by the experimental block consisting of 82 letter stimuli. Participants had 5 s to respond to each stimulus. If participants failed to respond within 5 s, the next letter on the screen appeared. Response time (RT) and accuracy were analyzed.
Procedure
After giving informed consent, participants practiced each task individually and then concurrently before completing the experimental blocks.
Experimental task practice block. Partici pants practiced moving their avatar through the VE. When the participant demonstrated adequate control of the avatar, an interference task was introduced. Participants then practiced moving their avatar while engaging in each interference task, presented in counterbalanced order. Criterion performance for each was defined as the ability to walk the avatar in a continuous rectangular pattern without bumping into objects while executing five correct interference task sequences.
Baseline performance. After achieving criterion during practice, participants performed a baseline trial for each task. Participants walked their character in the same rectangular pattern while performing the interference task for a baseline period of 2.5 min.
Route-learning practice. A route-learning pra ctice scenario was incorporated next to reduce an expected learning effect. It contained four turn points and six choice points. Participants were instructed to "do your best to remember the route because you will be asked to complete it from memory upon reaching the destination point." Participants followed an avatar controlled by the experimenter through the route once and then attempted to navigate the route from memory. If a mistake was made, the participant was corrected as soon as possible and asked to continue through the route. Forty of the 42 participants completed the practice route without error.
Experimental trials. Next, the experimental trials began. Participants again followed the experimenter's avatar once through the route and then attempted the route from memory. If participants made a route error, they were immediately corrected and were asked to continue toward the destination. Trials containing errors resulted in the participants being required to navigate the route again. This process continued until the route was completed without error or for a maximum of four attempt trials. The four combinations of route (A and B) and the two interference conditions were counterbalanced within each SOD group.
Interference task instructions. Participants began the interference task as soon as the experimental trial began. The experimenter stressed that remembering the route was the number one goal. Participants were told that performance on each interference task was recorded and that they should try to be as accurate as possible. If the experimenter noticed that a participant stopped the interference task, the experimenter prompted the participant to resume the task with the statement, "Resume." One participant required one prompt.
Participants completed the NASA -Task Load Index (NASA-TLX; Hart & Staveland, 1988) immediately after completing the baseline trials and the first trial from memory in each interference condition. Ratings were obtained on each of the six dimensions-mental demand, physical demand, temporal demand, performance, effort, and frustration-with the use of a scale from 1 to 10, with higher ratings indicating higher perceived workload. Each participant was instructed to "please rate how difficult you thought it was to navigate through the route just completed." The duration of the entire experiment was between 60 and 90 min.
RESULTS
A 2 (interference task: tapping or articulatory suppression) × 2 (SOD: good or poor) mixed repeated measures MANOVA was used to analyze the dependent measures, errors and time. Errors were operationalized as the number of mistakes made at choice points (turns or intersections) during the initial route traversal from memory. Time was operationalized as the time in seconds that participants took to traverse the first route from memory. Interference task was a within-subjects factor, and SOD was a betweensubjects factor.
A MANOVA was implemented because of a moderately high degree of correlation between the two dependent variables: r(42) = .75, p < .001, for errors and time in the tapping interference task condition, and r(42) = .78, p < .001, for errors and time in the articulatory suppression task condition. Despite this degree of correlation, the two measures did capture some unique aspects of performance. Time increased as a function of both error recovery and indecision. Committing an error tended to be associated with having little or no memory for the correct move at that junction. Conversely, increased time at a junction in the absence of an error tended to be associated with less confident memory of the correct move. MANOVA mathematically accounts for the issue of multicollinearity, maximizing the unique variance of each measure, despite a loss of statistical power, and is therefore a more appropriate analysis than independent ANOVAs, which are likely to be highly redundant at best or misleading at worst for correlated dependent measures (Tabachnick & Fidell, 1989) .
A Wilks's Lambda multivariate statistic was used and Mauchly's test of sphericity was implemented to examine violations of sphericity. Sphericity was not violated in any of the resulting analyses.
A multivariate main effect was observed for interference task, F(2, 39) = 7.65, p = .002.
Univariate analyses indicated that the errors dependent measure contributed to the multivariate main effect, F(1, 40) = 7.60, p = .009. On average, participants made more navigational errors in the tapping interference task condition (M = 4.1, SD = 2.0) relative to the articulatory suppression interference task condition (M = 3.0, SD = 2.1).
A multivariate main effect was also observed for the between-subjects factor SOD, F(2, 39) = 6.61, p = .003. Univariate analysis indicated that both time, F(1, 40) = 7.68, p =.008, and errors, F(1, 40) = 13.44, p = .001, contributed. As illustrated in Figures 1 and 2 , individuals in the poor-SOD group took longer to complete routes from memory and made more errors relative to the good-SOD group.
More important, as predicted, a multivariate interaction was observed for interference task and SOD, F(2, 39) = 4.82, p = .01. Univariate analyses indicated that both time, F(1, 40) = 9.84, p = .003, and errors, F(1, 40) = 5.82, p = .02, contributed to this multivariate interaction. As can be seen in Figure 1 , the time taken to traverse a route from memory that was learned while engaged in the tapping task was statistically similar for the good-SOD and poor-SOD groups, with means (and standard deviations) in seconds of 194.16 (8.3) and 202.3 (7.9), respectively. Conversely, for routes learned while engaged in the articulatory suppression task, the poor-SOD group took longer, on average 217.7 (7.59) s, relative to both their performance in the tapping condition and relative to the performance of the good-SOD group, 172.73 (7.96) s. The good-SOD group was faster in routes learned while performing the articulatory suppression task relative to the tapping task.
As illustrated in Figure 2 , errors revealed a somewhat similar pattern. On average, the good-SOD group demonstrated better performance, meaning fewer errors (M = 1.75, SD = 0.38), for routes learned during the articulatory suppression task relative to the tapping task (M = 3.8, SD = 0.45). The number of errors made by the poor-SOD group was higher than the good-SOD group but similar across interference tasks, M = 4.36 (SD = 0.43) for the tapping task and M = 4.23 (SD = 0.36) for the articulatory suppression task.
The good-SOD individuals also required fewer attempt trials before they were able to traverse the route error free. Refer to Figure 3 for a graphical depiction of the cumulative percentage of people in each SOD group who could traverse the route error free after one, two, three, or four attempts as a function of the interference task condition.
NASA-TLX. A mixed repeated measures ANOVA was used to examine differences between SOD groups (between subjects) as a function of interference task (within subjects) on perceived mental workload as assessed by the unweighted average of ratings obtained on the NASA-TLX after each condition. A main effect was observed for interference task, F(1, 40) = 5.36, p =.026. The tapping task condition resulted in higher perceived workload ratings (M = 4.56) than did the articulatory suppression task condition (M = 3.89). A main effect was also observed for SOD group, F(1, 40) = 4.75, p = .035. The poor-SOD group (M = 4.71) perceived the workload of the route-learning task to be higher than did the good-SOD group (M = 3.69). The interaction between SOD group and interference task was not significant.
Interference task performance. A mixed repeated measures ANOVA indicated a significant main effect for interference condition as measured by accuracy (the proportion of correctly executed sequences), F(1, 39) = 38.80, p < .001. Participants were more accurate at performing the articulatory suppression task (M = .98) than the tapping task (M = .85). Neither the effect for SOD group nor the interaction effect between SOD group and interference condition was significant. Second, analysis of difference scores between baseline and experimental conditions for accuracy revealed a main effect for task, F(1, 38) = 12.49, p < .01. Participants' difference scores were greater with the tapping task (M = .09) than with articulatory suppression (M = .02).
Mental rotation and SOD. Neither accuracy nor RT for the MRT was significantly correlated with score on the SOD questionnaire, r(40) = -.175, p = .28, ns. No significant differences were observed between the average RTs of the poor SODs and good SODs (M = 1,545 ms, SD = 386, versus M = 1,514 ms, SD = 300, respectively) or for the mean accuracy calculated as proportion correct (M = .88, SD = .15, versus M = .95, SD = .09, for the poor and good SODs, respectively) on the MRT. MRT accuracy and RT were negatively correlated with each other, r(40) = -.413, p = .008.
DISCUSSION
We examined the strategies people use to learn routes in a VE and the WM resources such strategies tap. As hypothesized, individuals classified as having good SOD tended to rely more on visuospatial WM than on verbal WM when learning routes. This was evidenced by the good-SOD group traversing routes faster and with fewer errors when learned under conditions of articulatory suppression (verbal) interference relative to the visuospatial tapping task (see Figures 1 and 2, respectively) . Conversely, those with poor SOD were faster at traversing routes learned under spatial interference relative to verbal interference.
Also consistent with our predictions, individuals with good SOD learned routes in fewer trials (refer to Figure 3 ) than did those with poor SOD. This was particularly evident when the good-SOD individuals learned the routes while engaged in the verbal interference task. In this condition, 25% of the good-SOD individuals were able to traverse the route from memory without error on their first attempt after following the avatar. In contrast, this level was not achieved in the poor-SOD group in either interference condition even after two attempt trials. Attempt trials included correction, thus providing additional opportunity to learn the route. People with poor SOD still had greater difficulty learning the routes and reported significantly higher perceived mental workload for the task relative to the good-SOD group. These results support the conclusion that individuals differ from one another in the strategies they use and the WM resources they tap-verbal or visuospatial-to learn routes in VEs. Self-report measures can be used as indices of such individual differences in navigational strategy use in VE tasks. Garden et al. (2002) found similar strategy differences in a real environment. However, they did not assess interference task performance in their dual-task study, a limitation that weakened their conclusion because of the possibility of differential attention allocation strategies in low-and high-spatial-ability groups. The current investigation controlled for this possibility by assessing both route learning and interference task performance. Both groups found the tapping task to be more difficult than the articulatory suppression task (on the basis of performance and subjective workload), but both had equivalent performance levels on the two interference tasks. Despite equivalent interference task performance between the good-and poor-SOD groups, the tapping task, relative to the articulatory suppression task, interfered more with route learning for the good-SOD group. This observation strengthens the conclusion that individuals with high spatial ability rely more heavily on visuospatial WM when learning routes relative to low-spatial-ability individuals, who place more reliance on verbal WM, and extends the hypothesis to navigation in VEs.
The pattern of individual differences observed in this study could not have been predicted with standard psychometric tests of spatial ability (i.e., MRT). Our SOD groups did not differ significantly in this respect. Dissociation between spatial abilities involving mental rotation from an object-based framework (required in standard MRTs) and perspective taking (selfmotion relative to objects) is supported by both behavioral (Kozhevnikov & Hegarty, 2001) and neuroscience evidence (Burgess, Maguire, & O'Keefe, 2002; Burgess & O'Keefe, 2003; Ekstrom et al., 2003; O'Keefe & Nadel, 1978) . Our results are consistent with this dissociation and with previous empirical work demonstrating that self-reported SOD is only moderately, if at all, correlated with standard psychometric tests of spatial abilities (Hegarty et al., 2002) .
VEs are increasingly relied on for training and research because of their ever-improving graphics as well as the significant safety and monetary benefits of virtual relative to real environments (Arthur & Hancock, 2001) . Route learning and other navigational tasks must often be carried out in VEs while individuals are performing other concurrent tasks of a visuospatial or verbal nature (Chen & Terrence, 2008) . The current results indicate that SOD will affect the strategies people use to perform these tasks and the relative associated workload and can predict the types of concurrent tasks that are likely to be most detrimental to navigational performance.
Maintaining orientation is difficult in VEs (Bowman, Davis, Hodges, & Badre, 1999) , and people with poor SOD can be expected to experience even greater difficulty than those with good SOD. Using navigational instructions that support individual WM strategies (Baldwin, in press; Furukawa et al., 2004) and eliminating extraneous demands on the same processes may reduce disorientation and training time while improving efficiency. Individuals with poor SOD can be expected to particularly benefit from verbal guidance instructions and elimination of extraneous verbal interference while navigating . The performance of those with good SOD could be more robust to verbal interference-but potentially more disrupted by concurrent visuospatial interference during navigation.
Furthermore, individuals with poor SOD might benefit from targeted strategy training, as our results indicate that relative to those with good SOD, they are less adept at all navigational cues and strategies. Previous research indicates that performance on many spatial tasks is amenable to training (Gugerty & Brooks, 2004; Lawton & Morrin, 1999) . Training that targets development of specific spatial strategies might particularly benefit individuals with poor SOD.
The current results also have implications for the design of in-vehicle navigation systems. First, simulators and VEs can be used to examine navigational strategy differences and their impact on interface design issues. Second, brief self-report SOD questionnaires provide a reliable method for assessing strategy choice. Third, individuals with good SOD will benefit from navigational aids that capitalize on their preference for visuospatial strategies (i.e., use of cardinal directions and maplike representations). Conversely, those with poor SOD can be expected to benefit from verbal guidance, particularly if it makes reference to landmarks (Reagan & Baldwin, 2006) . Our findings suggest that interfaces that reduce all forms of verbal distraction during the navigational task would be beneficial for these drivers.
